Performance of the ATLAS Liquid Argon Calorimeter
Samir Arfaoui, CERN on behalf of the ATLAS Liquid Argon Calorimeter Group Abstract-The Liquid Argon calorimeter (LAr) is a key detector component in the ATLAS experiment at the LHC. It provides precision measurements of electrons, photons, jets and missing transverse energy produced in the LHC proton-proton collisions. The calorimeter system consists of an electromagnetic barrel calorimeter and two electromagnetic endcaps (EMECs), hadronic (HEC) and forward (FCal) calorimeters. The leadliquid argon sampling technique with an accordion geometry was chosen for the barrel electromagnetic calorimeter (EMB) and adapted to the electromagnetic endcaps. A presampler (PS) is installed in the cryostat in front of the EM calorimeter to provide a measurement of the energy lost upstream. The hadronic endcap calorimeter (HEC) uses a copper-liquid argon sampling technique with plate geometry. Finally, the forward calorimeter is composed of three modules featuring cylindrical electrodes with thin liquid argon gaps. The barrel and the two endcaps are housed into three cryostats kept at about 88 K. We present results assessing the liquid argon calorimeter performance obtained using random triggers, calibration data and LHC proton-proton collisions. Properties of the read-out channels such as pedestal, noise and gain have been measured and show the high stability of the LAr electronics over several months of data taking. First physics results concerning key calorimeter measurements like identification of photons, electrons, and missing tranverse energy are also shown.
I. THE ATLAS DETECTOR
The ATLAS detector [1] has a rich physics potential, ranging from more precise measurements of Standard Model parameters to the search for new physics phenomena, like the Higgs boson and supersimmetry. It has a three-fold structure : tracking, calorimetry, and a muon system. The inner detector, surrounded by a 2T solenoidal magnetic field, is composed of a high granularity Pixel detector, a silicon microstrip (SCT) detector, and a Transition Radiation Tracker, and covers the pseudorapidity range |η| < 2.5. The calorimetry system consists of a liquid argon sampling calorimeter (LAr) -described in the next section -surrounded by a scintillating tiles hadronic calorimeter in the barrel region. Strong bending power in the volume of the muon spectrometer is provided by three large air-core toroid systems (one barrel and two endcap superconductive magnets). The muon spectrometer consists of chambers placed all around the toroid magnets, to both trigger and perform high precision tracking of muons.
II. THE ATLAS LAR CALORIMETERS

A. Description
The Liquid Argon calorimeter is housed in three separate cryostats filled with liquid argon at 88K : one barrel and two endcaps. The barrel cryostat contains the electromagnetic barrel (EMB), covering a pseudorapidity range of |η| < 1.475. Each endcap cryostat contains three separate detectors. The electromagnetic endcap calorimeter (EMEC), the hadronic endcap calorimeter (HEC), and the forward calorimeter (FCal). The EMEC has the same structure as the EMB with accordion shaped electrodes (insuring full φ coverage without crack) alternating with lead absorbers, and covers the pseudorapidity range of 1.375 < |η| < 3.2. The EM calorimeters are segmented (in the range |η| < 2.5, devoted to precision physics) in depth into three layers; the first layer is very finely segmented in η, with cells of size ∆η × ∆φ = 0.0031 × 0.1. This allows efficient separation between prompt photons and photons coming from π 0 decays, as described in section 3. The second (third) layer has a granularity of ∆η × ∆φ = 0.025 × 0.025 (∆η × ∆φ = 0.5 × 0.025). An additional active layer of liquid argon, the presampler (PS), covers |η| < 1.8, and allows an estimation of the energy lost before the EM calorimeters.
The HEC is located directly behind the EM endcap calorimeter and shares the same cryostat. It covers the range 1.5 < |η| < 3.2 and consists of copper plates interleaved with liquid argon as an active medium. The FCal covers the region 3.1 < |η| < 4.9 and consists of three modules in each endcap : the first (FCal 1), made of copper, is optimised for electromagnetic measurements, while the other two (FCal 2 and 3), made of tungstene, measure the energy of hadronic interactions. Each module consists of a matrix of rods and tubes parallel to the beam axis.
B. Energy reconstruction
When a charged particle goes through a liquid argon gap, it ionizes the argon. The electrons drift in the electric field between electrodes and absorbers gives rise to a ionization current, with a fast rise time and a slow linear decay as the charges are collected. This triangular signal is then sent to the front-end electronics, where it is pre-amplified, shaped, and digitized at 40M Hz. Both signals are illustrated in Fig. 1 . The digitized samples (typically 5) are then sent to the readout drivers at a frequency of ≈ 100kHz for the cell energy and time to be calculated. The amplitude (in ADC counts) and time of the signal are computed as :
where N s is the number of samples, a i and b i the Optimal Filtering Coefficients (calculated from calibration), p the pedestal, and s i the sample ADC counts. The cell energy E (in MeV) is then obtained from A, after applying a series of calibration constants [2] . 
C. Performance of the LAr electronics and trigger
The calorimeter cells are read out through 1524 Front-End Boards (FEBs) of 128 channels each located in crates outside the cryostats [3] . As of Novemeber 2010, 2% of the 182468 readout channels are inoperable. These 2% are dominated by channels in FEBs for which the digital readout is faulty. Access to the detector will allow replacement of these FEBs and recovery of most of the inoperable channels.
1) Stability of the calibration: Calibration of the LAr calorimeters is typically performed between every LHC fill. The calibration constants are monitored over long time-periods and updated if necessary. Fig. 2 shows the stability of two key variables over a six-month period. The stability of the pedestal is below 0.03 ADC counts ( ≈ 2M eV ) and the stability of the gain below 0.1% over all calorimeters.
2) Timing alignment: Time of all calorimeter cells has to be aligned in order to synchronize the readout with the LHC bunch crossing. The predicted time is calculated using calibration data and parameters such as time of flight and cabling length. The prediction is then compared to the measured time, extracted from LHC collisions. With 2010 collision data, an alignment of a few hundred picoseconds per front-end board (128 readout channels) was achieved, the goal being < 100ps per readout channel for all LAr calorimeters.
3) Calorimeter trigger performance: To perform the level-1 calorimeter trigger (L1Calo), cell energies are summed over a so-called trigger tower, a topological construction grouping approximately 60 readout cells. Its typical size is ∆η × ∆φ = 0.1×0.1. The trigger readout being independent from the LAr readout chain, it is possible to use the trigger energy to correct the energy whenever the LAr digital readout is missing. Fig.  3 shows the comparison between LAr and L1Calo energies. The L1Calo energy resolution is such that σ ET (L1Calo) < 5% for E T (LAr) > 10GeV . 
III. LAR CALORIMETER PHYSICS PERFORMANCE
A. Photon discrimination
To better reject photon backgrounds, it is crucial to be able to discriminate prompt-photons from photons due to π 0 decays [7] , especially for signals such as H → γγ to reduce the jet-jet and γ-jet backgrounds, where one of the jets is misidentified as a photon. By exploiting the granularity of the electromagnetic calorimeter, and in particular the fine η granularity of its first layer, it is possible to provide an event-by-event rejection of this kind of background. Fig. 4 shows that a prompt-photon purity of the order of 80% is achievable for transverse energies larger than 30 GeV. 
B. Electrons and missing transverse energy
Key calorimeter measurements include also the identification and reconstruction of electrons [6] and the reconstruction and calibration of the missing transverse energy [5] in the events. Fig. 5 shows the excellent agreements between 2010 collisions data and Monte Carlo expectations for the E T spectrum of electron candidates and for the E miss T reconstructed in minimum bias events. The excellent performance of the detector has allowed the reconstruction of W → eν and Z → ee samples [4] . The E miss T spectrum in W → eν candidate samples and the reconstructed Z → ee mass are shown in Fig. 6 . The agreement with Monte Carlo expectation is again very good. Moreover, it is interesting to note that the measured resolution on the Z mass, σ Z→ee , is evaluated at 1.6 GeV from data, where the expected value from Monte Carlo is 1.4 GeV. 
